The ability to continuously acquire simultaneous EEG and fMRI data during seizures presents a formidable challenge both clinically and technically. Published ictal fMRI reports have so far been unable to benefit from simultaneous electrographic recordings and remain largely assumptive. Unique findings from a Continuous EEG-correlated fMRI experiment are presented in which a focal subclinical seizure was captured in its entirety. For the first time dynamic and biphasic Blood Oxygen Level Dependent (BOLD) signal changes are shown using statistical parametric mapping time-locked to the ictal EEG activity localizing seizure generation and propagation sites, with millimeter resolution, to electroclinically concordant gray matter structures. Though presently of limited clinical applicability, a new avenue is opened for further research.
INTRODUCTION
Intravoxel fluctuations in deoxyhaemoglobin influence the focal short-term changes in magnetic susceptibility to which blood oxygen level-dependent (BOLD) fMRI is sensitive and these fluctuations appear to result from a complex interplay between blood flow, blood volume, and oxygen metabolism as orchestrated by the neurovascular coupling (Buxton et al., 1998) . There is a growing literature on EEG-correlated fMRI (Schomer et al., 2000) employing an interleaved method of data acquisition due to various technical limitations. EEGtriggered fMRI hence allows for the BOLD response to EEG events to be intermittently sampled at a number of discrete time points in order to detect areas of relative activation (Krakow et al., 2000) . In patients with partial epilepsy, spike-triggered fMRI has yielded promising results broadly consistent with electroclinical data Warach et al., 1996; Lazeyras et al., 2000) , but more recently we have been able to apply a technique to acquire good quality EEG/ fMRI data continuously and simultaneously to reveal the temporal characteristics of hemodynamic response to interictal events ) and the potential exists to investigate the extent and further characteristics of such changes in relation to different pathologies. Within this context, fMRI activations are felt to anatomically reflect areas involved in spike generation and propagation, the "irritative zone" (Luders et al., 1993) , the anatomical definition of which is an important part of the multidisciplinary presurgical evaluation of patients with medically refractory partial epilepsy.
By contrast ictal fMRI activation would be expected to reflect changes within the epileptogenic region itself (and propagation sites) but there have been no EEGcorrelated ictal fMRI studies and otherwise few anecdotal reports of ictal fMRI, all in patients with an abnormal structural MRI and none employing statistical hypothesis testing. An outline of this literature is provided in Table 1 and reviewed below. Jackson et al. (1994) used a FLASH sequence to obtain susceptibility-weighted images from a 4-yearold child experiencing partial motor seizures. Images were obtained every 8 s from a single slice only. No motion correction was applied and analysis was by way of visual inspection only. Signal increases of up to 40% were depicted occurring over 4 -5 min in positive areas, though not exclusively in association with clinically observable seizure activity. Changes unaccompanied by observable seizure activity were attributed to subclinical seizure activity and other similar changes (delayed by 1.5 min) within the sagittal sinus and surrounding veins were attributed to venous drainage. Positive areas identified on subtraction images appeared concordant with other investigations and it was concluded that "functional MRI enables the time course, spatial distribution and spread of ictal activation to be observed during the seizure." Detre et al. (1995 Detre et al. ( , 1996 described a patient with a history of partial motor seizures but with neither clinical nor electrographic evidence of seizure activity during fMRI. They nonetheless identified an area of signal change, concordant with ictal SPECT and intracranial EEG localizations of an epileptogenic focus, exhibiting a 3-4% signal increase and return to baseline over 100 s. These were assumed to represent subclinical seizure activity based mainly on temporal homology and spatial concordance but the degree of "surprise" (Cover and Thomas, 1991) was not characterized statistically. Krings et al. (2000) performed fMRI on a patient during a 33-s Jacksonian march involving the left leg with "calf shaking." They described three perilesional (glioma) regions of interest based on the visual inspection of subtraction images. These three areas each appeared to show variable (bidirectional) signal changes of ϩ2.2%, Ϫ3.5%, and ϩ3.1% beginning 65, 30, and 0 s prior to seizure onset, respectively. Initial changes were attributed to subclinical seizure activity and negative changes to a "mismatch between oxygen consumption and delivery." It was concluded that "functional MRI allows for demonstrating seizure evolution and spread."
Ictal fMRI is not routinely feasible for a number of reasons. BOLD-fMRI is not sensitive to detecting low frequency state-related changes due to large intersessional effects and scanner noise characteristics. Together with the sluggish haemodynamic response function (HRF), this limits detection power to the narrow frequency band within which most conventional fMRI paradigms operate and in the current context will tend to necessitate capturing both seizure onset and termination. Seizures, however, are generally short lasting, unpredictable and it may not be practical to keep patients in the scanner for long enough even where subclinical seizures are known to be occurring frequently, given the risks of seizure evolution and generalization within the scanner environment. Most ictal EEG phenomena are in addition associated with impairment of consciousness usually to a degree that the required level of cooperation for an MRI scan cannot be achieved even where consent may have been obtained in advance. Any significant degree of head and body motion is also likely to render the imaging [and EEG] data uninterpretable and EEG-correlated studies, where appropriate facilities exist, are complicated further by the extra time involved in attaching electrodes, patient positioning, and equipment set-up. Despite these drawbacks, however, EEG-correlated Ictal fMRI does offer the necessary spatiotemporal resolution theoretically required to study seizure generation and propagation in vivo and knowledge of ictal BOLD changes may contribute clinically both to seizure localization at an individual level and to an understanding of the generators of ictal EEG changes routinely recorded in other patients for example during video-EEG telemetry. There is also potential for scientific insights into the complex accompanying blood flow and metabolic changes to which this signal is sensitive (Buxton et al., 1998) . We present here the first successful attempt at continuous and simultaneous EEG-correlated whole-head fMRI at short TR in a patient who fortuitously experienced an unequivocal subclinical electrographic seizure. Statistical parametric mapping (Friston et al., 1995b) was used to characterise the fMRI data, make systematic inferences and help protect against bias, type 1 error, and motion-related artefact.
METHODS

Case Report
A 47-year-old right-handed gentleman with a 2-year history of intractable generalized tonic-clonic seizures underwent an EEG-correlated fMRI study. He also experienced frequent simple partial seizures characterised by cessation of activity and sitting still but without falls and did not report any auras. His past medical history was unremarkable and the aetiology of the epilepsy unknown. Structural MRI was normal 1 but interictal EEGs had consistently revealed focal left anterior temporal spikes, more pronounced in sleep. Neurological examination was unremarkable but the patient complained of poor memory and occasional word finding difficulties. Treatment was with Lamotrigine 400 mg daily and Gabapentin 1200 mg daily. Written informed consent was obtained in accordance with local ethics committee approval with an initial study aim of establishing a spike-related activation through interictal EEG/MRI.
Data Acquisition
Imaging was performed on a GE Horizon Echospeed 1.5 Tesla Scanner using a continuous BOLD-fMRI sequence (TE/TR 40/3000, 21ϫ5-mm interleaved slices, FOV ϭ 24ϫ24 cm, 64ϫ64 matrix). Seven hundred such scans were acquired over a 35-min period. Eleven channels of referential scalp EEG were recorded simultaneously with online and offline pulse and imaging artefact subtraction using MR-compatible equipment.
Processing and Analysis
The SPM99 package [http://www.fil.ion.ucl.ac.uk/ spm99] was used for all image preprocessing and voxelbased statistical analysis, within the context of the general linear model. A slice-timing correction (Henson et al., 1999) was performed prior to realignment (Friston et al., 1995a) to correct for the staggered order of slice acquisition. Spatial smoothing followed with an isotropic Gaussian kernel of 12 mm FWHM to both boost signal 2 and conformity with the assumptions underlying Gaussian random field theory (see below). The seizure event was initially modelled flexibly with a windowed Fourier set of basis functions (8 sines and 8 cosines) spanning 45 s (Josephs et al., 1997) making no assumptions about the shape of an underlying response, only that this period will likely explain a critical proportion of the overall variance encountered within the voxels being searched for. The six rigid-body motion correction parameters were included as confounding covariates within the design matrix (Friston et al., 1996) to regress out any possible motion-correlated signal change, regardless of the seizure. Both data and design matrix were high-pass filtered at 1/200 seconds cut-off, dictated by the noise characteristics of the scanner and the subsequent need to limit inferences to frequencies that may be reliably inferred about with fMRI. An AR(1) model was used to estimate the intrinsic autocorrelation structure of the data (Friston et al., 2000) and derive the effective degrees of freedom. An F-contrast was specified to test for the additional variance explained by the subspace of the model embodying the "effects of interest" (i.e., the seizure) and the computed SPM{F}thresholded at P Ͻ 0.05 using a correction for multiple comparisons based on Gaussian random field theory (Friston et al., 1991) . A second step was performed to ascertain the spatial extent specifically of the dominant temporal pattern. A volume of interest (VOI) was therefore defined by the entirety of the cluster containing the maximum of the SPM{F} and a time series accounting for the most variance (i.e., the first eigenvariate), filtered and adjusted for the above contrast, was extracted from this VOI. The seizure related signal change was well approximated by a sine wave cycle of 102 s, used for simplicity to model the seizure next as a single regressor (alongside the motion parameters). A T-contrast was specified as a unidirectional test of significance for the parameter estimate pertaining to this individual regressor, as orthogonalized with respect to all other covariates. The computed SPM{T} was thresholded as above. No cluster thresholds were applied and the result overlaid onto a high-resolution T1-weighted anatomical scan (Coronal 3-D IR-Prepared Spoiled GRASS, TR/TE/TI 17/4.2/450, 124 ϫ 1.5-mm slices, FOV 240 ϫ 180 mm, matrix 256 ϫ 192) for orientation. Coregistration was to the mean EPI image, using mutual information (Collignon et al., 1995) ; part of the SPM99 package.
RESULTS
The patient was visually observed and monitored throughout the experiment with good quality simultaneous and continuously acquired EEG (& ECG). Shortly into the experiment focal rhythmic delta activity was seen to emerge abruptly and unilaterally maximum over the F 7 /T 3 electrodes (see Fig 1) . This activity was sustained for the next 15 s prior to evolving into a localised (F 7 /T 3 ) 5 Hz theta rhythm and decaying slowly over the next 26 s to constitute an electrographic seizure. Brief motion artefact was evident in the EEG 5 s into the seizure but there were no visible clinical accompaniments or subsequently reported symptoms. The rigid body motion correction parameters are given in Figs. 3b and 3c for the entire session.
The SPM{F}, obtained from the initial analysis step, reveals a principal cluster of 917 voxels as displaying significant amounts of time-locked variance (Fig. 2a) , the dominant temporal nature of which was captured by the first eigenvariate shown in Fig. 3a . The SPM{T} obtained from the next step (Fig. 2b) , is in excellent agreement with the SPM{F} and further reveals those particular voxels to share the same pattern and direction of signal change (described by the sine wave). Figure 3a , illustrates the rise in signal (approximately 2.5% mean) peaking at around 6 s into the seizure followed later by a prolonged undershoot. The greatest signal rise (approximately 5.5%) is also shown.
The anatomy of the seizure related activation is clear from Fig. 4 . The principal cluster extends posteroinferiorly from the left insular grey matter, through the temporal lobe insula, along the superior and middle temporal gyri to the left fusiform gyrus; anteriorly to the left inferior frontal gyrus; and superiorly up to the left inferior parietal lobule. A smaller cluster (18 voxels) is also evident within the grey matter of the ipsilateral cingulate gyrus. The statistical maximum (P Ͻ 1 ϫ 10 Ϫ13 ) overlies the left inferior parietal lobule but the maximum of the parameter estimate (beta) images, representing signal as opposed to signal:noise, falls within the anterior segment of the middle temporal gyrus.
DISCUSSION
The physiological impact of seizure activity on cerebral blood flow has been appreciated for some time (Gibbs et al., 1934; Penfield et al., 1939) , indeed ictal SPECT has proved a useful technique for the clinical localization of epileptogenic areas as a consequence On the left, the first eigenvariate is shown as extracted from the principal cluster of the SPM {F} for the entire experiment. Seizure onset is indicated by the arrow. On the right and rescaled, the maximum signal change is also shown (green) along with the sine wave regressor (red). The seizure interval is shaded in grey. Percentage changes are with respect to the grand session mean. (b,c) Realignment parameters. The X, Y, and Z translations in units of millimeters are shown in red, green, and blue, respectively, and the corresponding rotations given underneath in degrees. (Duncan, 1997; Cascino, 2001) . In brief, ictal SPECT studies using 99m Tc-HMPAO (technetium 99 m hexamethylene propylene amine oxime) demonstrate sustained hyperperfusion within seizure foci surrounded by a rim of hypoperfusion, followed later by a return through baseline to a period of sustained hypoperfusion (Duncan, 1997) . A transition from increased regional cerebral blood flow (rCBF) to decreased rCBF is suggested to take place at around 90 s after seizure onset, independently of offset (Avery et al., 2000, 1999) , but return to baseline may occur more rapidly for shorter durations of seizure activity . Such findings are in good keeping with the general time course of the BOLD changes demonstrated here.
In regard to magnitude, BOLD changes in isolation are difficult to quantify directly in terms of physiological variables and a more intricate knowledge of the underlying physiology is essential. Though quantitative PET measurements of ictal rCBF are difficult to obtain (Duncan, 1997) , increases of around 150 -200% are suggested (Theodore et al., 1996) , but while cerebral blood flow and metabolism are closely coupled under physiological conditions (Siesjo, 1978) , the influence of seizure activity is far less clear.
Interictally, there is evidence for both unmatched reductions in the regional metabolic rate of glucose (rCMRGlc) as compared to rCBF within human epileptic foci (Gaillard et al., 1995; Fink et al., 1996; Duncan, 1997) and similar uncoupling in animal models (Bruehl et al., 1998) .
Ictally, Kuhl et al. (1980) report rCMRGlc increases of 82-130% using 18 FDG-PET in association with smaller flow changes but Engel et al. (1982) found rCMRGlc increases of an order 2-6 times the measured interictal values for homotopic regions. Franck et al. (1986) have described disproportionate increases in CBF compared to CMRO 2 in five patients one of whom underwent 18 FDG-PET but with an unchanged glucose extraction ratio. They conclude that the supply of oxygen by blood flow was sufficient to meet local metabolic demands in status epilepticus and that glucose utilization is more important that oxygen consumption in determining rCBF but Buxton and Frank (1997) have since provided a widely embraced explanation for such data compatible with an intact neurovascular coupling.
The "oxygen limitation model" of Buxton and Frank (1997) suggests blood flow and metabolism to be coupled in a non-linear fashion such that relatively small increments in the cerebral metabolic rate of oxygen (CMRO 2 ) necessitate disproportionately large increases in rCBF. Quantitative theoretical relationships between BOLD and rCBF were provided within which context the rCBF changes implied by our data are found to be broadly compatible with the PET literature (assuming true underlying rCBF increases of 100 -200%).
An unexpected feature of the seizure-related BOLD change seen in the patient we report lies in its temporal relationship to the EEG. The BOLD changes shown in Fig. 3a might appear to precede the EEG changes by several seconds (as also suggested by others (Krings et al., 2000) ), but this cannot be reliably shown in relation to a single event and with the necessitated high-pass filter. Interestingly, a post stimulus undershoot is seen more markedly than would be predicted through conventional models of sustained neural activity (e.g., the convolution of a boxcar function with a canonical Hemodynamic Response Function (Aguirre et al., 1998) ).
Assuming an underlying temporal mismatch between flow and volume (Mandeville et al., 1999) , a very sharp initial increase in flow (Buxton et al., 1998) presumably second to a particularly potent BOLD-inducing aspect of the seizure activity might thereby be suspected.
Anatomically, our results demonstrate a large and highly significant grey matter signal change centred over the left temporal and insular cortices, starting at seizure onset. The electrographic seizure focus (F 7 /T 3 ), concordant with previous interictal spike foci (left anterior temporal), was also concordant with the fMRI activation and even more so perhaps with the area of maximal signal change as demonstrated in Fig. 2b .
In this respect, the ictal rCMRGlc changes observed by Engel et al. (1982) did not always correspond to areas of maximal interictal hypoperfusion and were not confined to (though included) EEG sites of ictal onset and spread. There were also extensive differences across subjects ranging from activation of an entire left hemisphere with seizures generalizing from the left parietal area, to more selective activation of the left perisylvian area with seizures confined electrographically to the left temporal and central electrodes. Interestingly in one case, seizures involving the right temporal lobe were also associated with increased activity in limbic projection sites (hippocampus and cingulate cortex). Chugani et al. (1994) distinguished between three dominant ictal rCMRGlc patterns in 18 children including "hypermetabolism restricted to cerebral cortex" and taken together with such observations, the BOLD activation patterns presented are extremely plausible both anatomically and neurobiologically as well as being in keeping with the patients clinical picture and provide further support for similar activation patterns arising from subclinical and clinical seizure activity (Handforth et al., 1994; Alfonso et al., 1998) .
The rigorous data analysis and use of stringent thresholds were motivated by a desire to minimise the risks of false positives and motion-related effects to every possible extent and indeed the spatial characteristics of our activation are quite distinct from "edge effects" traditionally associated with stimulus-correlated motion in fMRI (Hajnal et al., 1994) . It also differs markedly in spatial extent from those attributed to focal seizure activity by other groups (see Table 1 ) and further studies are clearly essential to resolving such disparities in terms of patient characteristics, seizure activity, scanner characteristics, and data acquisition and analyses techniques.
Our decision to model the EEG activity as a single neural event was primarily motivated by the theoretical signal to noise considerations. Sampling of an inherently noisy fMRI time series at low temporal resolution concealing a single relatively brief, undefined, and sluggish BOLD fluctuation would not permit inferences regarding the spatiotemporal cascade. Simi-larly the relative length of an HRF in relation to the ictus prohibits any meaningful subdivision of the epoch for modelling as other than a single event without prior knowledge of subtle interactions and non-linearities for instance. Moreover, even were sequential activation to be evincible, any extrapolation of temporal relationships to the underlying neural activity would be hampered by interregional variability within the HRF (Lee et al., 1995; Buckner et al., 1996 Buckner et al., , 1998 Schacter et al., 1997; Robson et al., 1998; Kastrup et al., 1999; Miezin et al., 2000) . To the best of our knowledge therefore sequential activation and propagation effects have never been convincingly demonstrated through fMRI in relation to a seizure.
In summary, we have demonstrated the ability to detect electrographic seizure activity during continuously acquired fMRI and the potential for EEG-correlated ictal fMRI to illuminate the spatial extent of the neural networks underlying a unilateral subclinical seizure. While not routinely feasible, this technique allows for the "BOLD signatures" of EEG phenomena to be established, providing unique perspectives into the complex perfusion and metabolic changes that accompany seizure activity with localizing information of immediate clinical interest.
